[1] The spectral polarized radiance distribution provides the most complete description of the light field that can be measured. However, this is a very difficult parameter to measure, particularly near the surface, because of its large dynamic range, changes in the skylight illumination, and waves at the air-sea interface. To measure the Stokes vector of the downwelling light field, which contains the polarization information, requires the combination of four images acquired simultaneously. To achieve this, we used the downwelling polarized radiance distribution camera system (DPOL) during the Radiance in a Dynamic Ocean (RaDyO) program Santa Barbara Channel and Hawaiian experiments. DPOL consists of four fisheye lenses and a spectral filter changer that allow us to capture the downwelling hemisphere of the polarized radiance distribution at seven wavelengths. Our measurements show that very near the surface, for clear sky conditions, the dominant source of polarization is the refracted sky light. As one progresses in the water column the polarization due to light scattering by the water increases and polarization due to light scattering in the water becomes dominant.
Introduction
[2] The investigation of the polarization of light began in 1669 when Bartholinus discovered the phenomenon of double refraction in calcite crystals [Jensen, 1975] . However, the study of polarization of skylight began in 1808 when Malus observed the reflection of sunlight from a windowpane through a calcite crystal and found that the two images, obtained by double refraction, were extinguished alternately as he rotated the crystal. The quantitative study of polarization began in 1815 when Brewster derived a relation between the refractive index and the Brewster angle [Brewster, 1975] . Stokes [1852] discovered that the polarization behavior could be represented in terms of observable quantities (the Stokes parameters), which was a breakthrough for the qualitative and quantitative study of polarization. However, in seawater, the systematic measurement of light polarization only began around 1954 [Waterman, 1954] .
[3] The underwater light field is generally partially linearly polarized, except for a small amount of elliptical polarization near the water surface and just beyond the critical angle [Ivanoff and Waterman, 1958a] . At shallow depths the surface waves are the main cause of the variation in the underwater light field [Snyder and Dera, 1970] where (within a few meters) the polarization behavior is influenced by the skylight refracted to within the Snell's cone [Waterman, 1954] . Near the surface the polarization outside the Snell's cone arises mainly from scattering and internal reflection at the water surface [Ivanoff, 1974] . Horvath and Varju [1995] calculated the underwater polarization pattern within the Snell's cone due to the skylight polarization pattern, including the distortion of the Snell's window polarization pattern by the ripples and surface waves.
[4] As one goes deeper in the water column, the effect of skylight decreases relative to scattered sunlight thereby decreasing the degree of polarization (DoP) [Ivanoff, 1974] . With increasing depth, it has also been found that the peak of the radiance distribution shifts toward the zenith from the refracted position of the Sun [Jerlov and Fukuda, 1960; Tyler, 1960] . Previous measurements have found the maximum DoP in directions 60°to 90°to the solar beam [Waterman, 1954 [Waterman, , 1955 Ivanoff, 1974; Adams et al., 2002; Tonizzo et al., 2009] .
[5] To measure the downwelling polarization in the open ocean, in the near surface and following recent work [Voss and Liu, 1997; Voss and Souaidia, 2010] , we have developed the downwelling polarization radiance distribution camera system (DPOL) . This instrument consists of four fisheye camera lenses with polarizers behind each lens. Behind three of these lenses are linear polarizers, the fourth has a circular polarization analyzer which is a quarter wave plate followed by a linear polarizer. While the quarter-wave plate will have a spectral variation in its retardance, we used a broad band quarter wave plate which had a relatively small variation in retardance (80°-105°) in the spectral bands measured. This variation is measured and accounted for during the calibration process. Behind each polarizer is a coherent fiber bundle. These four bundles are brought together and imaged on separate quadrants of the charge-coupled device (CCD) camera (Apogee Alta E2000) through a filter changer containing seven spectral filters: 411.1 (9.7), 441.6 (9.9), 487.7 (10.4), 520.6 (10.8), 550.1 (15.3), 589.1 (10.3), and 649.2 (9.2) nm, spectral bandpass (full width at half maximum) given in brackets. The spectral filter changer is in the middle of a lens relay system, which reduces the spread of angles transmitted through these filters and keeps the spectral response consistent over the field of view of the system. The spectral response of the filters was also measured in place in the optical system.
[6] In each full camera image, we have four separate 330 × 330 pixel fisheye images, each containing a hemisphere of radiance information of the same scene with different polarization information, for one wavelength. Using these 4 images we can calculate the Stokes parameters for that hemisphere. The measurement uncertainty is on the order of 6% for the radiance, and 0.06, 0.06, and 0.07 for Q/I, U/I, and V/I, respectively. Because of how it is calculated (square root of square of Stokes parameters), the DoP and degree of linear polarization (DoLP) have uncertainties of 0.06 when >0.2, however there is a positive bias that increases when these factors are <0.2, which causes a minimum value of approximately 0.05. The uncertainty in the plane of polarization, c, can be calculated, based on the uncertainty in Q/I and U/I to be 4.5°/DoLP, when the DoLP is zero c is not defined.
Background Theory
[7] To describe the polarized radiance distribution, the most convenient representation is the Stokes vector [Stokes, 1852] . The Stokes vector can be determined through a combination of measurements of the intensity of the polarized light field, and is useful as it can be used to describe a partially polarized, incoherent light field. The Stokes vectors are described with reference to vectors parallel (l) and perpendicular (r) to a reference plane such that the direction of propagation is z = r × l and the reference plane contains the direction of propagation and another convenient direction. With these vectors defined, the four Stokes parameters, making up the Stokes vector, can be described as [Coulson, 1988; van de Hulst, 1981; Goldstein, 2003] 
where I l and I r are the intensities of light polarized along the l and r vectors, respectively, I 45 and I −45 are the intensities of light polarized along an axis ±45°to the l and r vectors, and I RCP and I LCP are the intensities of light that are right circularly polarized and left circularly polarized, respectively. The Stokes parameters satisfy the inequality
[8] The DoP, DoLP, c, and the ellipticity (b) are given by
[9] When presenting the Stokes vector, we use a coordinate system based on the sky frame [Liu, 1996; Kattawar and Adams, 1989] . In this frame (Figure 1) , we consider the light propagating along z = r × l direction and c is the angle of plane of polarization measured from l to r such that r and l are perpendicular and parallel, respectively, to the meridian plane (containing the view and zenith direction). Transformation of the Stokes parameters from the instrument frame (l′, r′) to the sky frame (l, r) requires a rotation of (l′, r′) axes by an angle g. If we were to consider the instrument frame (l′, r′) to correspond to the (x, y) axis in Figure 1 , the angle g would correspond to ' shown in the Figure 1 . I and V are invariant under such rotation as they are independent of c. Thus the Stokes parameters in the new Figure 1 . Illustration of the coordinate system in the sky frame. Light is propagating along the z = r × l direction and c is the angle of plane of polarization measured from l to r such that r and l are perpendicular and parallel, respectively, to the meridian plane (containing the view and zenith direction). If the instrument coordinate system had r′ aligned with the y axis and the l′ coordinate is aligned with the x axis, the transformation angle, g, would then correspond to the ' direction.
frame are given by [Coulson, 1988; Kattawar and Adams, 1989 ]
Data Description
[10] We participated in two field experiments under the Office of Naval Research Radiance in a Dynamic Ocean (RaDyO) program; in Santa Barbara Channel (SBC) (34°12.31′N, 119°37.725′W) during 9-23 September 2008 and in Hawaii (17°49′N, 155°W) during 1-12 September 2009. We will present data collected from the R/P Floating Instrument Platform (FLIP) during these experiments. Along with DPOL, we collected data on the downwelling polarized sky radiance distribution using the Skycam system, similar to that of Voss and Liu [1997] . In most cases we collected simultaneous sky and in-water data using the two camera systems (DPOL and Skycam). The Skycam was placed near the end of the face boom on R/P FLIP and the DPOL camera was deployed in the water under the Skycam at various depths from the surface to 70 m. The integration time for each image in the seawater varies from 3 ms to 1 s depending upon the spectral filter used, the brightness of the sky, and the instrument depth. At each DPOL measurement depth, five sequences of images are obtained at each wavelength. In these sequences, we also obtain dark images for each integration time used. If we use all seven spectral filters, it takes about 11 min to complete these five sequences. The images for each wavelength are then separated by approximately 140 s.
[11] For the DPOL data, the data reduction process includes corrections for flat field response for the total optical system, camera lens/system roll-off, calibration factors for absolute calibration, and window immersion effects. Since the images are obtained simultaneously on a single CCD array, and the lens are held in a common machined block of Aluminum, the alignment between polarization images is fixed. The major portion of the data reduction is application of a transformation matrix which combines the images obtained by the separate lenses into the four Stokes vector parameters, as described by Voss and Souaidia [2010] . Using the angular calibration data of the camera system, we subsample the native CCD resolution for each lens image, into a 180 × 180 pixel image. This is done by determining the angular position represented by a pixel in the smaller 180 × 180 image, then averaging a 3 × 3 pixel area in the larger original image corresponding to this position. The final step is to geometrically correct the image so that the image center is moved to the true zenith direction rather than a direction perpendicular to the instrument face. At deeper measurement depths, where the camera orientation did not change rapidly, we used a tilt-roll sensor built into the camera system. At shallow measurement depths, when the instrument was suspended by a wire, there was more rapid movement of the instrument due to wave action on the instrument and supporting cable. At these depths we used the Snell's circle, obvious in the image, to recenter the image. We also rotated all images (both DPOL and Skycam) to place the Sun on the top of the figures. In all of the DPOL images the two semicircular areas of missing data on the edge of the in-water images are portions of the images that have no data. These are areas which are obstructed by clamps which hold the glass dome windows on the instrument. They are arranged so that similar areas are obstructed on each lens, since all four images are required to obtain the Stokes vector for a specific direction.
[12] In the fisheye format data images that follow, the center represents the zenith, the edges represent the horizon (90°zenith) and the zenith angle is directly proportional to the radius from the center. For DPOL (in-water) images, a white circle in the image represents the boundary of the theoretical Snell's cone, determined by the critical angle.
[13] Table 1 and Figure 2 show the inherent optical properties (IOPs), total absorption coefficient (a t (l)), total scattering coefficient (b t (l)) and total attenuation coefficient (c t (l)) from SBC (21 September 2008) and Hawaii (5 September 2009) measured with an AC-9. The pure water absorption of Pope and Fry [1997] was added to the AC-9 absorption values. In Hawaii we will present DPOL data from both 5 and 7 September, the IOPs on 7 September are very close to those shown for 5 September. For SBC, since we do not have data on 22 September, the date of our DPOL measurements, we have shown typical data for 21 September. The data in Table 1 for each wavelength correspond to the average and the corresponding standard deviation (std) values from near surface to 30 m depth for SBC and to 50 m depth for Hawaii. Table 2 lists the average aerosol optical depth for the measurement periods of the data presented in the paper. This data was collected using a Microtops sunphotometer, and is available Here total absorption is a t (l), total scattering is b t (l), and total attenuation is c t (l). For each wavelength (l), the average and the corresponding standard deviation (SD) are shown for the data from near surface to 30 m depth for SBC and to 50 m depth for Hawaii. through the Marine Aerosol Network (http://aeronet.gsfc. nasa.gov/new_web/maritime_aerosol_network.html).
SBC Experiment
[14] During the SBC experiment we concentrated our measurements on 5 wavelengths (442, 488, 520, 550, and 589 nm) . With this shortened measurement sequence, similar wavelength images are separated by approximately 97 s. At the measurement site, the water depth was 168 m. In Figures 3-7 , we show the variation of the downwelling radiance distribution, the Q/I and U/I, the degree of linear polarization, the angle of plane of polarization (c), the variation of radiance, DoLP with wavelength, and the corresponding sky data from Santa Barbara Channel experiment on 22 September 2008.
[15] To make the sky data more relevant to the in-water data we propagated the measured above water sky Stokes vector to the in-water measurement depth. The sky data was first refracted through the surface using the Mueller matrix for Fresnel refraction, as described by Zhai et al. [2008] and assuming a flat surface. Note that this Mueller matrix for transmission must be multiplied by an additional factor T, given by
where n is the index of refraction of water, t is the refracted zenith angle, i is the incident zenith angle, and z is the measurement depth. The n 2 accounts for the refractive effect on the solid angle going through the surface. The second term is to conserve energy [Hecht, 2002] through the refraction process. The last term attenuates the sky radiance from the surface to the measurement depth. For attenuation we used the total absorption, a t (l); however, the true value would be something between a t (l) and c t (l), as small angle scattering would not truly attenuate the signal and some path radiance will be added due to scattering from other angles.
To properly account for this process would require a more elaborate model, examples in this issue are You et al. [2011] and Xu et al. [2011] , which show comparisons of our DPOL measurements and three-dimensional radiative transfer models. However, this simple process allows a qualitative comparison of the impact of the sky radiance on the in-water downwelling radiance field.
[16] Figure 3 shows the angular distribution of downwelling radiance as a function of depth for the in-water radiance distribution and the corresponding sky radiance distribution from the SBC experiment on 22 September 2008. We have selected data for various depths (1.5-30 m) at a single wavelength, 520 nm. The graphs, on the left, are the radiance distributions along the solar principal plane. Vertical lines at 48°correspond to the nominal edge of the Snell's circle, while the refracted solar zenith angle (SZA′) is shown with an arrow on the horizontal axis. Positive zenith angles are toward the Sun and the negative are opposite the Sun. The blue curve represents the sky data and the red curves are the in-water data samples. The black curve is the average of in-water data samples and the green curve is the sky radiance refracted and propagated according to the simple model described above. The images are in the fisheye format discussed above and are in radiance units. The first and the second columns of fisheye images represent the in-water and sky radiances, respectively. In most of the in-water images, we can see the images of the boom on FLIP, from which the instrument is suspended, and the cable (that supports the camera) as thick dark lines passing near the image center. The dark rectangular part on the top of sky images is the occulter used to block the Sun from the camera lens. The data lying in this area is not shown in the radiance graphs. Also evident in the sky images are the superstructure of FLIP which is on the edge of the images and the support cables for the booms that passed above the camera.
[17] Figure 3a is the measurement at 1.5 m depth and the corresponding sky data. The solar zenith angle (SZA) is 88°a nd the SZA′ is 48°. These images were collected between 01:51 and 01:57 UTC on 23 September 2008 with an exposure time of 0.1 s. The sky is predominately clear, however, there was a marine layer on the horizon and the Sun is about to set. Wind speed is about 6 m s −1 , but there were almost no white caps. In all of the data on this day we are reporting the average measurement depth, but the instantaneous depth varied with a maximum and minimum of ±0.8 m around this average. In the in-water images, we can see the sharp gradient in radiance at the theoretical Snell's cone boundaries (white circle). However, the Snell's cone moves along with the surface waves [Sabbah and Shashar, 2006] and the boundary of the Snell's cone is blurred by the surface waves with a unique shape determined by the local wave slope [You et al., 2009] . In the principal plane, the graph of the in-water radiance (red and black curves), we clearly see the two peaks with almost the same magnitude around the boundaries of the Snell's cone then a rapid drop of the radiance just outside the Snell's cone, as seen in earlier work [Tyler, 1960; Smith, 1974] . The ratio of the peak on the Sun side to the other is 1.9. While we do not have data for the peak of the sky radiance, we can look at the radiance on either side of the occulter, near the horizon. The ratio of this radiance to the radiance on the horizon opposite the Sun is also about 2.0. Thus the relative size of these peaks is the result of the refraction of the sky radiance peak (blue curve) into the water. At this depth, inside the Snell's circle, the radiance distribution is mainly due to refracted skylight. This is shown by the close correspondence of the shape of the refracted and attenuated sky light curve and the average of the in-water radiance. The agreement in magnitude is probably coincidental. The shape of these curves is very close, except very near the edge of the Snell's circle, where the surface waves will have a large effect decreasing the peak radiance, and spreading that light to just outside the Snell's circle. The fluctuations between data sets can be large, and are due to the varying surface angles caused by waves at the air-sea interface. At this low Sun angle, the sky polarization appears as with Cronin et al. [2006] , while the direct solar beam does not appear in the subsurface radiance image. This is probably due to the high attenuation of the solar beam through the marine layer that was on the horizon.
[18] In Figure 3b , we show the data at 6 m depth, collected between 00:50 and 00:57 UTC on 23 September 2008 with an exposure time of 0.1 s. The SZA is 77°and the SZA′ is 47°. The sky and water surface conditions are similar to the previous case. In Figures 3b-3d the in-water image is the average of 5 data sets at that depth. At this depth, the peak opposite the Sun is only 13% of the peak on the opposite side. At the higher solar elevation, the sky radiance opposite the Sun is much less than that on the Sun side, hence the difference in the subsurface peaks. While the edge of the Snell's circle is evident, particularly on the side opposite the Sun, it is not as sharply defined as at 1.5 m. There is only a factor of 2 between the radiance at −90°and −48°, versus a factor of 10 for the data at 1.5 m. The shape of the refracted sky radiance is also quite similar to the in-water radiance distribution, at least to −35°, after which the in-water radiance rolls off as seen at 1.5 m.
[19] In Figure 3c , we show the data at 11 m depth. The SZA is 58°and the SZA′ is 39°. The images were collected between 23:15 and 23:22 UTC on 22 September 2008 with an exposure time of 0.1 s. The sky and water surface conditions are similar to the previous cases. At this depth there is no obvious break in the radiance at the edge of the Snell's cone, the in-water radiance peak opposite the Sun has disappeared. This is due to both attenuation along the path to the surface at this angle, and the higher solar zenith angle, which decreases the brightening of the sky radiance on the horizon. As can be seen the shape of the refracted sky radiance is similar, but only from (−10°) to (−20°). One can also see the beginning of the maximum radiance peak moving toward zenith from the refracted solar position as in studies by Tyler [1960] and Jerlov and Fukuda [1960] .
[20] In Figure 3d , we show the data at 30 m depth. The SZA is 34°and the SZA′ is 25°. The images were collected between 19:45 and 19:52 UTC on 22 September 2008 with an exposure time of 0.3 s. The wind speed was about 2.5 m s −1 and the water is very calm, however the standard deviation of the instrument depth in the measurement period was still 0.4 m. At this depth, the edge of the Snell's cone has completely disappeared, and the radiance peak has shifted significantly (about 15°) toward the center from the refracted solar position. Moreover, at this depth the individual data sets are very similar, as shown in the radiance plot. This is a combination of the effect of scattering smoothing out the variations, and averaging over a greater surface area, since the 1°by 1°resolution is sampling a much larger area on the surface area (increases as the square of the depth). Interestingly, because of the larger path length from the surface to measurement depth along higher zenith angles, the refracted skylight no longer has the peak at the edge of the Snell's cone. The slope of the refracted skylight also resembles the in-water radiance. The in-water radiance distribution is also much more symmetric around its peak value.
[21] In Figure 4 , we show the Q/I and U/I for both DPOL and Skycam (values vary from −1 to 1). The images in the first and second column are Q/I and U/I for the in-water data shown in Figure 3 . The third and the fourth columns are Q/I and U/I for the sky. In Figure 4a , we see that at 1.5 m, the sky Q/I and U/I patterns have been refracted into the Snell's cone. In these figures, we can see that the minimum (−0.6) and the maximum (+0.56) of Q/I (or U/I) are at right angles with each other. The minimum of Q/I lies along the solar principal plane, where the r component of the e field is predominant (equation (2)). U/I is 0 (I 45 = I -45 ) where Q/I has either maximum or minimum values. The magnitude of Q/I and U/I are larger on the side opposite the Sun, reflecting the high degree of polarization there.
[22] The sky images show the effect of the changing solar zenith angle, with an increase in the area of negative Q/I and decrease in the area of positive Q/I. Similarly the maximum magnitude of U/I first increases then starts to decrease. In the water, the pattern inside the Snell's circle at shallow depths reflects the sky polarization pattern. However, at greater depths, the polarization pattern inside the Snell's circle is muted. At shallow depths, there is a large discontinuity in the polarization pattern at the edge of the Snell's circle, while by 11 m (Figure 4c ) there is no obvious change in the pattern at the edge of the Snell's circle.
[23] Figure 5 shows the angular distribution of degree of linear polarization as a function of depth for water and sky, for the cases shown in Figures 3 and 4 . The plots show the variation of DoLP along the solar principal plane. At 1.5 m (Figure 5a ), there are two polarization patterns, one within Snell's cone and the other outside it [Waterman, 1954] . The polarization within Snell's cone arises due to the refracted skylight. However, surface waves [Maximov, 2000] and scattering of light [Shashar et al., 2004] can cause distortions of the polarization pattern. The polarization outside Snell's cone arises predominately from the upwelling light, which has been scattered by the water and constituents, reflecting off of the air-sea interface [Ivanoff, 1974] . But in this region the dynamic water surface increase the variations in the radiance field [Sabbah and Shashar, 2006] . The maximum DoLP in the downwelling field is similar to that in the sky, approximately 65%, and occurs at an angle reflecting a scattering angle of 90°in the sky, due to Rayleigh scattering [Coulson, 1988] , rather than the expected in-water scattering angle of 100°. This maximum value reflects the minimum in the Mueller matrix element M21, which for Rayleigh scattering in the atmosphere occurs at 90°but has been shown to occur at angles >90°in oceanic water [Voss and Fry, 1984] .
[24] Because each lens is separated by 11 cm in the DPOL system, at 1.5 m from the surface each lens sees a slightly different area of the surface within a 1°× 1°pixel at similar angles. Hence in areas of rapid change (the edge of the Snell's circle), this can lead to more noise/error in the polarization calculation. Furthermore, the edge of the Snell's cone can move along with the motion of the surface waves (see video associated with You et al. [2011] ). Because of these reasons, we can see two small peaks in the derived DoLP near the Snell's boundary (Figure 5a ).
[25] As the depth of water increases, the polarization also extends outside the Snell's cone, while the DoLP decreases. At 6 m depth (Figure 5b ), the maximum DoLP is about 45%, which is still close to the 58% in the sky. At 11 m depth (Figure 5c ), the maximum DoLP is about 35%, which is significantly less than the 60% in the sky, indicating that scattering in the water has significantly modified the polarization pattern. In addition, the maximum polarization is now nearly 100°from the refracted solar position. At 30 m depth (Figure 5d ), the polarization behavior is mainly outside the Snell's circle at an in-water scattering angle of 100°also showing that light scattering in the water has dominated the refracted skylight. In this case, the maximum DoLP is about 28%, which is about the half of the corresponding sky (55%).
[26] In Figure 6 , we can see the variation of angle of the plane of polarization (c). The plots shows c for water (red curve) and for the corresponding sky (blue curve) along an almucanter at 27°in air and the corresponding almucanter at 20°, due to refraction, in water. The data are shown for angles between 90°to 270°from the Sun along a clockwise direction. The error bars in the plots correspond to our estimate of the uncertainty in these measurements, which grows with decreasing DoLP. It is seen from these figures and graph that c is about 0°(i.e., the e vector of polarization is along the meridian plane) in azimuths 90°to the principal plane, then increases (or decreases) to 90°(or −90°) on either side of the principal plane. The principal plane is a line of discontinuity. It has been hypothesized that the plane of polarization is used by animals in the water for navigation [Horvath and Varju, 2004; Waterman, 2006] . As can be seen, the pattern of this parameter is very constant with depth, even with the change in the pattern and magnitude of DoLP.
[27] Figure 7 displays the angular variation of downwelling radiance and the DoLP with wavelength at 1.5 and 30 m depths. The data for 520 nm are the same as discussed above, environmental conditions correspond to the earlier data. The first column of graphs (Figures 7a, 7c, 7e, and 7g) is for in-water data and the second column (Figures 7b, 7d , 7f, and 7h) for the sky. Figures 7a and 7e are for 1.5 m depth and Figures 7c and 7g are for 30 m depth. Five data sets were averaged for each in-water measurement shown. In Figures 7b and 7d the clear, unsurprising, trend is that the sky radiance is highest at the shorter wavelengths, decreasing at large wavelength. Interestingly in Figure 7a it can be seen that all the radiances, except the longest wavelength, are quite similar. In Figure 7c , at 30 m, the effect of the greater absorption at 442 and 589 nm (seen in Table 1 and Figure 2) , has caused these radiances to decrease significantly with respect to the other wavelengths. Also the large attenuation at 589 nm has caused this radiance distribution to become basically symmetric around the zenith direction, as is predicted for an asymptotic radiance distribution [Shuleikin, 1933; Timofeeva, 1974] . At 589 nm, 30 m represents over 17 beam attenuation lengths.
[28] The DoLP of the sky has almost no wavelength dependence (Figures 7f and 7h ) in this case. However, in the water, at shallow depths the DoLP is much larger for the longer wavelengths (Figure 7e ) than the shorter wavelengths. This could be expected if the single scattering albedo was higher in the blue wavelengths than red, however the IOP data does not reflect this, except for the longest wavelength. The DoLP will also depend on the color of the water mass concerned [Ivanoff and Waterman, 1958b] . The downwelling light field combines the direct refracted skylight as well as the light that is incident onto the surface from below the water and is reflected downward. This reflected light will cause a depolarization of the light field, and depends on the absorption and scattering coefficients of the medium. As can be seen in Figure 7a , by looking at the ratio of the radiance on the edge of the Snell's cone to that outside the Snell's cone, one can see that there is more upwelling light in the shorter wavelengths than the red wavelength. So this depolarization may be in part due to the upwelling light field. Another source of depolarization is scattered skylight. Since the skylight makes up a much larger portion of the total incoming irradiance in the blue wavelengths than the red wavelengths, the radiance scattered into a particular direction (the path radiance) due to skylight will be a larger depolarization factor in the blue than the red. With the high scattering coefficient in this location, this could be an important contribution to the depolarization. At 30 m (Figure 7g) , the in-water light field polarization is basically spectrally independent, and has a maximum at 90-100°from the refracted solar direction as expected for water scattering.
Hawaii Experiment
[29] We will be presenting data collected on 5 and 7 September 2009. The sky was predominantly clear during these measurements. The water IOPs are shown in Table 1 and Figure 2 . The water depth during the Hawaii experiment was approximately 5000 m.
[30] Many of the features of our data during the Hawaii experiment are similar to the SBC experiment, with differences reflecting the increased water clarity. Additionally, during the Hawaii experiment the winds were generally stronger, generating higher sea states and more whitecaps. This caused much more variation in the individual downwelling images at the same depth, particularly near the surface.
[31] In Figures 8-12 , we show the angular variation of the downwelling radiance distribution, the Q/I and U/I, the degree of linear polarization, the plane of polarization, c, and the variation of the radiance and DoLP with wavelength and depth for in-water (4 m to 49 m depths) and the corresponding sky. Each image shown below is one of the 5 images in a sequence.
[32] Figure 8 presents the angular distribution of downwelling radiance for the in-water and the corresponding sky data. As in Figure 3 , the first column of images corresponds to the in-water data and the second column corresponds to the sky data. In Figure 8a , we show the angular variation of the downwelling radiance distribution at 4 m depth at 520 nm wavelength. The data were collected around 03:30 UTC 8 September 2009, with an integration time of 0.1 s. The latitude is 17.54°N and the longitude is 157.68°W. The sky is almost clear and the wind speed is about 6 m s −1 . In all of the data on this day we are reporting the average measurement depth, but the instantaneous depth varied with a maximum and minimum of ±1.2 m around this average. In the image we see the image of the boom and the cable supporting the camera passing almost vertically through the image center. The general features are similar to the SBC case. However, because of the higher wind and wave conditions, more white caps, and clarity of the Hawaiian water, there are some differences in the case of in-water data. The in-water radiance in Figure 8a shows dark bands at the edge of the Snell's cone, resulting from the passage of a larger wave. On the upper part of the in-water image the white line that passes almost horizontally through the edge of white circle is caused by multiple reflections of light within the camera system, which is more significant near the surface when the Sun is very bright, often with a radiance over 4 orders of magnitude greater than the neighboring pixels. The in-water radiance image has a very well defined edge to the Snell's cone well within the white circle, much more distinct than in the case of SBC (Figure 3b) at a similar depth. In the principal plane graph in Figure 8a there are clearly two radiance peaks around the Snell's cone, which fall off rapidly just beyond the Snell's boundary.
[33] In Figures 8b-8d , we show the results from 5 September 2009 from Hawaii at 520 nm wavelength, a day with nearly the same water IOPs, and a mostly clear sky. The latitude and the longitude of the measurement site are 17.54°N and 157.11°W, respectively. The sky was very clear throughout the day and the wind speed ranged from 6 to 8 m s −1 from morning to evening. In Figure 8b , we show the radiance distribution at 17 m depth. The data were collected around 02:30 UTC 6 September 2009 with an integration time of 0.02 s. The SZA is about 61°. There were some clouds, which can be seen in both in-water and sky radiance images. At this depth, we can see a clearly defined Snell's cone and there are still two radiance peaks, as opposed to SBC, where, by 11 m, the edge of the Snell's cone, and the peak opposite the Sun, was not significant (Figure 3c ). It is also noted from the graph that the in-water radiance peak toward the Sun coincides with the refracted SZA, while in the SBC data the peak had shifted slightly toward the center even at 11 m depth.
[34] In Figure 8c , we show the result at 24 m depth. The data were collected around 01:15 UTC 6 September 2009, using an integration time of 0.02 s. The SZA is 43°. During the measurement, there were some clouds and some white caps. The wind speed is about 8 m s −1 . There is no presence of an in-water radiance peak opposite the Sun and the peak on the Sun side is shifted toward the center by about 5°from the refracted solar position. In most of the five in-water images, the images of the boom and cables supporting the camera lie along the solar principal plane, and this can be seen in the radiance plots (Figure 8c ) as increased noise. The edge of the Snell's cone is now not clearly defined on either side of the principal plane.
[35] In Figure 8d , we show the results at 49 m depth at solar zenith angle of about 23°. The data were collected on 5 September 2009 around 23:45 UTC with the integration time of 0.2 s. There were a few white clouds and white caps during the measurement. The wind speed was about 7 m s −1 . At this depth, the five in-water principal plane measurements were quite consistent, the small-scale features on the surface are no longer important. The radiance distribution is symmetric around the peak with no significant radiance peak on the edge of the Snell's cone opposite the Sun. The peak on the Sun side has shifted by about 7°toward the center from the refracted solar position. In the case of the SBC experiment at 30 m depth, this shift was almost double, 15°.
[36] In Figure 9 , we show the angular variation of Q/I and U/I for in-water and sky data for the data shown in Figure 8 . Basically, these are similar to the SBC experiment. The polarization behavior is confined within the Snell's cone at shallow depths (4 m, Figure 9a ), and at greater depths it starts extending outside the Snell's cone (white ring). At 49 m depth, there is no discontinuity of the polarization behavior at the edge of the Snell's cone. The transition between the polarization dominated by the sky, and that dominated by the water occurs between 17 and 24 m, the same depths where the Snell's cone has become less distinct as shown in Figures 8b and 8c .
[37] In Figure 10 , we show the angular distribution of the DoLP for the in-water and corresponding sky data shown in Figures 8 and 9 . At 4 m depth (Figure 10a ), the pattern is predominately inside the Snell's cone and is similar to that of the corresponding sky. The maximum polarization is about 60% and occurs at a scattering angle of 90°in the air (with appropriate refracted angle in the water). The in-water peaks around the Snell's boundary on the principal plane opposite the Sun are due to the camera lens separation, and each lens viewing a slightly different portion of the surface at the same angle. The even higher peak on the Sun side is caused by the image of the support cable coming in and out of view of the individual lenses. The fluctuation, around 10°z enith angle, of several of the in-water DoLP measurements is caused by the supporting boom which passes through the center of the image. At 17 m depth (Figure 10b ), the maximum DoLP has decreased to about 40%, as opposed to 60% in the corresponding sky. The small peaks around the Snell's cone boundary are as discussed above. At 24 m depth (Figure 10c ), the images of the support cable and the boom lie along the solar principal plane above 30°zenith angle in most of the in-water data, and the effect of this can be seen in the graph. The maximum true DoLP at this depth is about 38%, also less than the 65% in the corresponding sky. It has also shifted to a 90°scattering angle in water, rather than the refracted 90°scattering angle in air. The DoLP is much larger than the SBC case at 30 m (Figure 5d) , and nearly the same as the 11 m case in SBC (Figure 5c ). At 49 m depth (Figure 10d ), the polarization is seen to have extended well outside the Snell's cone and is still approximately 30%.
[38] In Figure 11 , we can see the variation of angle of the plane of polarization (c) for the data shown in Figures 8-10 , with the same format as Figure 6 . The plot shows c for water (red curve) and for the corresponding sky (blue curve) along an almucanter at 27°in air and the corresponding almucanter at 20°, due to refraction, in water. The pattern of this parameter is very similar to that seen in SBC, and is very constant with depth, even with the change in the pattern and magnitude of DoLP.
[39] In Figure 12 , we show the angular variation of the downwelling radiance and polarization with wavelength and depth from the Hawaii experiment. The data are shown for 488, 520, 550, and 589 nm, averaged over the five images collected at each depth and wavelength. We have shown 4 and 49 m depths corresponding to the 520 nm data set that has been presented above. The spectral variation of the radiance data is similar to that seen in the SBC case.
[40] What is interesting is that in this clearer water, at the shallow depth, the DoLP does not have the large wavelength dependence seen in SBC. In this clear water at shallow depths, path radiance from skylight would be a much smaller factor, so the DoLP would be predominately determined by the polarization of the skylight above the surface. Since the skylight polarization, in this case, is spectrally independent, the water polarization is also spectrally independent. At larger depths (Figure 12g ) the polarization is also spectrally independent, as seen in the SBC data, this indicates that the polarization matrix for scattering in the water, measured only at one wavelength by Voss and Fry [1984] , probably does not vary strongly with wavelength.
Elliptical Polarization
[41] Ivanoff and Waterman [1958a] showed the existence of elliptical polarization (EP) in the light field due to the total internal reflection of linearly polarized light near the surface and at a zenith angle slightly greater than the critical angle. Their results showed that the EP decreased when there were clouds in the sky, when the solar zenith angle is less than 50°, and when the instantaneous slope of the sea surface is more than 10°. Although the DPOL (in-water camera) is characterized to measure the elliptical polarization of the light field, our data from SBC and Hawaii experiments did not show any conclusive results on this. In both of these experiments, however, there generally was a significant wave state due to the wind conditions.
[42] There was one case, during the SBC experiment, in which we saw a signature for elliptical polarization. This is shown in Figure 13 . During these measurements the sky was overcast (SZA = 62°), the measurement was taken at 1 m depth with 520 nm wavelength, and the wind speed was 4 m s −1 with a very calm (flat) water surface. Here, there was evidence of a V/I component right on the outside edge of the Snell's cone. At greater depths this V/I component disappeared, as it did at higher wind/sea state conditions. Unfortunately, the expected position for elliptical polarization is also exactly where we have problems measuring: near the surface and right on the edge of the Snell's circle.
Conclusion
[43] In this paper, we have presented data from the Santa Barbara Channel and Hawaii experiments. From the data and results we have found that the radiance and polarization behavior in water depend on various factors such as sky condition, sea surface conditions, water IOPs, light wavelength, instrument's depth, viewing direction and position of Sun. The polarization behavior of the light field in water near the surface is dominated by the refracted sky light, and depends strongly on the wave-induced curvatures of the water surface. Therefore, near the surface the polarization is predominately inside the Snell's cone. At 1.5 m depth the maximum DoLP, for 520 nm, was found to be about 65%, similar to the skylight. Near the surface in clear water this DoLP had no clear spectral dependence; however, for more turbid waters, the path radiance from skylight decreases the DoLP in proportion to the available skylight. As one progresses in the water column the polarization due to light scattering by the water increases, thereby reducing the effect of refracted sky light. Thus, with the increase of the water depth, the maximum in the polarization moves from the refracted direction of 90°scattering in air, to 90-100°scat-tering angle in water, as expected from the oceanic Mueller matrix [Voss and Fry, 1984] . The peak of the radiance also shifts toward the center (zenith) away from the refracted solar position. This shift is more prominent when the water Figure 11 . Variation of the plane of polarization (c) for the data shown in Figures 8-10 . The plot shows the plane of polarization (c) for water (red curve) and for the corresponding sky (blue curve) along an almucanter at 27°in air and the corresponding almucanter at 20°, due to refraction, in water. attenuation coefficient increases, as in coastal waters (SBC).
The maximum DoLP also decreases with increasing depth. Our data showed that, at a comparable depth, the maximum DoLP in clear water is larger than in turbid water. We have also seen that the pattern of c remains very constant with depth and location.
[44] In spite of the difficulties in experimentally obtaining the downwelling polarized light field near the surface in the dynamic ocean, its understanding and its role on the aquatic animal behavior are emerging. However, there are still many issues to be answered properly, such as polarization signaling, polarization vision and the mechanisms by which polarization sensitive animals detect, analyze and change the state of polarized light. Further studies are needed to address these issues.
